Objectives To examine whether late bedtime and short nighttime sleep duration at age 18 months are associated with risk of caries in deciduous teeth.
several unique ones might modify its biology in young children who are in the formative stages of development. These involve the implantation of cariogenic bacteria, immaturity of the host defense systems, and behavioral patterns associated with feeding and oral hygiene. 4 In this regard, sleep might be an important factor, given the vulnerability to the adverse effects of insufficient sleep among the pediatric population.
In humans, sleep-wake timing and circadian timing rhythms are synchronized under normal conditions such that sleep is timed to occur during the night. 5 Young children, however, might face environmental demands that may result in a poor fit with the biological limits imposed by their circadian system, as their time to fall asleep at night is largely determined by their parents or caregivers. 6 Possible pathways by which sleep might affect a child's risk for caries include abnormal salivary flow rate caused by alteration in local circadian timing system in the salivary gland 5, 7, 8 and susceptibility to infection due to impaired immune function. [9] [10] [11] [12] Sleep deprivation is associated with diminished salivary flow rate, diminished IgA secretion rate, and elevated levels of salivary amylase activity in rats. 8 Epidemiologic observation also suggests links between short sleep and increased salivary interleukin-6 production 9 and high levels of Streptococcus mutans colony counts, 10 and links between late bedtimes and dental caries in deciduous or permanent teeth. 13, 14 We used data from the Kobe Offspring Study 15 to examine whether late bedtime and short nighttime sleep duration at age 18 months is associated with caries in deciduous teeth to determine whether there is a dose-response relationship and to assess whether associations are consistent across various subgroups related to feeding practices and oral hygiene.
Methods
The Kobe Offspring Study 15 was a population-based cohort study using records of municipal health check-ups for children aged 0-3 years in Kobe City, Japan. Kobe City is the sixth largest city in Japan, with a population of about 1.5 million, and is the capital city of Hyogo Prefecture on the southern side of the main island of Japan. The prefectural income per capita was 23 218 USD in 2002, 16 and about 32% of households had an annual income above the average estimates in Japan (ie, 49 095 USD). 17, 18 Nearly 93% of the fathers and 19% of the mothers were employed when their children were born, with professional and engineering workers (27.2%) and clerical workers (37.3%) being the most common jobs, respectively. 19 Among household members aged 20-49 years, 42% had a high school education, 21% had junior college or higher professional school education, and 28% completed college, university, or graduate course. 17 All women of childbearing age and children from pregnancy to 3 years of age residing in Kobe City participated in the health check-up program, which consisted of completion of a standardized pregnancy notification form, neonatal health check-ups, advice provided during home visits, and health check-ups for infants at 4, 9, and 18 months and 3 years of age at healthcare centers of ward offices or designated clinics. Information on lifestyle factors was based exclusively on responses to standardized parent-reported questionnaires, which mothers were required to complete at every health check-up. We had access to deidentified data on health check-ups from March 31, 2004 , to April 1, 2014 after approval by the Planning and Coordination Bureau of Kobe. Details of the study design have been reported previously. 15 The Ethics Committee of Kyoto University Graduate School and Faulty of Medicine approved the protocol (Approval Number R0923).
Assessment of Sleep
Using a standardized questionnaire, parents reported their young child's habitual wake time and bedtime at 18 months in response to 2 questions: "What time does your child usually wake up?" (7 predefined responses: before 7:00, 7:00, 8:00, 9:00, 10:00, 11:00 and later, and irregular), and "What time does your child usually go to bed?" (7 predefined responses: before 20:00, 20:00, 21:00, 22:00, 23:00, 0:00, and irregular). The 2 former categories were combined to form the reference category (ie, before 21:00) based on the recommended sleep hygiene by the National Sleep Foundation, 20 and late bedtime was defined as 21:00 or later. The child's nighttime sleep duration was calculated as the difference between bedtime and wake time and categorized as ≤8 hours, 9 hours, 10 hours, ≥11 hours, and irregular, with sleep duration of ≥11 hours as reference.
Measurement of Dental Caries
Qualified dentists assessed the oral conditions of the children at 18 months and 3 years through visual examination and not radiography. They classified each tooth into 1 of 7 types: normal, decayed, missing, filled, treated by diammine silver fluoride, observation required, or treated by a dental sealant. We counted teeth treated by diammine silver fluoride as well as decayed teeth as decayed. Incidence of dental caries was defined as the occurrence of at least 1 decayed, missing, or filled tooth. Other records of dental examinations included the caries activity test (CARIOSTAT; Dentsply-Sirona, Tokyo, Japan), a colorimetric test designed to measure the pH decrease caused by microorganisms in the plaque sample obtained from the buccal surfaces (0-4 points, 4 points indicating most active); presence of plaque; abnormal conditions of soft tissues and occlusion; and treatment with fluoride varnish.
Statistical Analyses
The primary outcome was incidence of caries in deciduous teeth at 3 years of age. Secondary outcomes were incidence of caries in mandibular or maxillary anterior teeth or molars. The Cochran-Armitage test for trend was used to assess trends in the incidence of caries. We present risk estimates separately for bedtime and sleep duration, as having a late bedtime does not necessarily equate to short sleep duration, although studies do suggest links between these 2 sleep variables. 20 Also, bedtime correlated modestly with sleep duration in our study (Pearson correlation coefficient, -0.48), and their effects on caries may be confounded and should be handled separately. We used binary logistic regression to estimate ORs and 95% CIs with adjustment for clinical and lifestyle characteristics ( Table I) . We tested the linearity assumption between the log odds of the outcome and continuous variables by using a scatterplot smoothing method and observed no significant deviations. 21 In a sensitivity analysis, we further adjusted the following postexposure covariates at age 3 years as covariates: tooth brushing alone (yes/no), tooth brushing by parents before sleep (yes/no), eating sweets irregularly (yes/no), frequency of eating sweets (1, 2, or ≥3 times per day), daily juice consumption (yes/ no), and use of babysitter or nursery (yes/no). A second sensitivity analysis further controlled for bedtime (before 21:00, 21:00, 22:00, 23:00, 0:00, and irregular) and sleep duration (≤8 hours, 9 hours, 10 hours, ≥11 hours, and irregular) at 3 years to examine whether insufficient sleep at 18 months is merely a risk factor for later sleep problem and that concurrent sleep may be the biologically relevant exposure window affecting dental caries. We next did subgroup analyses among prespecified baseline characteristics. These included child's sex, birth order, plaque status, bottle-feeding and breastfeeding status, tooth brushing by parents before going to bed, regularity and frequency of eating sweets, and daily juice consumption. Interactions between covariates and bedtime and sleep duration were computed by testing whether the coefficients on the interaction terms are jointly equal to zero.
Missing values for covariates were prevalent for maternal age at delivery (30.2%), maternal alcohol consumption during pregnancy (31.2%), maternal smoking during pregnancy (31.3%), treated by fluoride varnish at 18 months (12.7%), birth height (12.4%), number of teeth at 9 months (11.7%), firstborn (8.7%), and gestational age (6.2%). All the other covariates had less than 5% missing data. We estimated missing values for covariate using multiple imputation before their inclusion in the multivariable models. Results from 20 multiple imputation cycles were imputed by imputation chained equations (ICE) program and combined with the MICOMBINE commands of STATA Software version 14.0 (2017; StataCorp LP, College Station, Texas). 22 The outcome and sleep variables, and all covariates considered to be potential confounders, were used to perform the multiple imputation. All reported P values were 2-sided, and a P value of <.05 was considered statistically significant.
Results
Of the 145 318 children in the Kobe Offspring Study, 84 292 were born between March 1, 2004, and December 31, 2010 , and received the 18-month-old health check-ups. Of these children, 77 636 also had complete information on sex and parent-reported bedtime and wake time at 18 months and were free of caries at 18 months. Information on dental examinations was further available for 71 069 (84.3% of children received the 18-month-old health check-up) children (Figure; available at www.jpeds.com). Significant differences were observed in mother's age, child's sex, gestational week, and birth weight between those included and excluded, including bedtime and sleep duration at 18 months. The differences were, however, generally small (Table II ; available at www.jpeds.com).
Among the 71 069 children, 48 943 (68.9%) had late bedtimes (ie, 21:00 or later) and 5709 (8.0%) had irregular bedtimes (Table III) . Children with late bedtimes were more often girls and first-born and had mothers who were more often smokers during pregnancy. They also were more often exposed to secondhand smoking at age 4 months. More than 99% of children received fluoride varnish at 18 months; children with late bedtimes had their teeth brushed less frequently by themselves or by parents before going to bed, ate sweets more frequently and irregularly, and drank juice every day. They were also more likely to have bottle-feeding (Table III) . Abnormalities at delivery, gestational age, birth weight, and comorbidities at age 18 months did not differ significantly across the 6 groups. Short nighttime sleep duration of ≤8 hours was observed in 2353 (3.3%) children, and the distribution of the covariates by categories of nighttime sleep duration displayed a similar pattern to that of bedtime (Table IV; available at www.jpeds.com).
Overall, 11 343 (16.0%) children developed dental caries at age 3 years, with 11 211 related to decayed teeth. The risk of caries increased with bedtime becoming later in a doseresponse manner, and children with irregular bedtime also had a greater risk of caries ( The risk of caries also increased with sleep duration becoming shorter, but the associations were less pronounced than those of bedtime (Table VII) . Compared with children with nighttime sleep duration of ≥11 hours, children with shorter (≤8 hours) and irregular sleep duration had a 30% increased risk of caries. The multivariable aORs were 1.30 (95% CI 1.15-1.47), 1.16 (1.09-1.24), 1.11 (1.05-1.18), and 1.35 (1.25-1.46) for sleep durations of ≤8 hours, 9 hours, 10 hours, and irregular sleep duration, respectively. Similar associations were observed for mandibular anterior teeth or molars and maxillary molars but not for maxillary anterior teeth. These associations also were robust against the influence of behavior patterns including sleep duration at age 3 years. Covariates that were significantly associated with a risk of caries were similar to those observed in the model for bedtime (Table VI) .
Associations between bedtime and caries were generally similar across subgroups stratified according to child's sex, plaque status, tooth brushing by parents before sleep, breastfeeding status, and regularity of eating sweets and for sleep duration, birth order and daily juice consumption (Tables VIII and IX; available at www.jpeds.com). The largest differences across strata were observed for bottle-feeding status, with stronger associations observed among children without bottle-feeding at 18 months (P = .001 and P = .004 for interaction for bedtime and sleep duration, respectively).
Discussion
In this population-based cohort study of 71 069 Japanese children, having late (21:00 or later) and irregular bedtimes was positively associated with incidence of caries in deciduous teeth. This relationship also was seen with having short (≤10 hours) and irregular nighttime sleep durations but with a less pronounced effect. Other markers of the family milieu that we know are important risk factors for caries, such as lack of tooth brushing, prolonged breastfeeding, bottle-feeding, and irregular and frequent consumption of sweets, are all strongly associated with late or irregular bedtime and short nighttime sleep duration. The relationship between insufficient sleep and dental caries is present when controlling for these factors, and we confirmed our findings through sensitivity analysis using information about behavior patterns during the ages of 18 months to 3 years. Previous studies have examined the effects of insufficient sleep on biomarkers of caries, including reduced salivary flow rate and high levels of Streptococcus mutans colony counts. 8, 10 A decrease in the amount or quality of saliva can significantly increase the risk of caries. 23 Saliva displays a circadian rhythmicity, 24 and previous evidence has shown that mistimed and disrupted sleep can lead to disruption of the circadian rhythms. 5 This provides a possible link between insufficient sleep and risk of caries. We also show that risk of caries in deciduous teeth is increased if with short nighttime sleep duration at age 18 month, which may be a critical period when the teeth are most susceptible to dental caries soon after they erupt. These data, in general, also suggest a doseresponse relationship between child's sleep duration and the likelihood of having caries in deciduous teeth.
An increase in risk of dental caries has been recorded in 2 studies of children with late or irregular bedtimes: in the first, †Multivariable adjusted for child's sex, maternal age at delivery, gestational weeks, maternal alcohol consumption during pregnancy, maternal smoking during pregnancy, pre-eclampsia, anemia, threatened abortion, cesarean delivery, vacuum extraction, nuchal cord, asphyxia, jaundice and transfusion, convulsion, incubator, oxygen inhalation, girl, first-born child, birth weight and height, weight at 18 months, exposure to tobacco smoke at 4 months, number of teeth at 9 months, treated by fluoride varnish at 18 months, tooth brushing by own self tooth brushing at 18 months, tooth brushing by parents before sleep at 18 months, plaque present at 18 months, bottle to feeding at 9 months, age at start of baby food (months), baby food at 9 months, bottle to feeding at 18 months, breastfeeding at 18 months, eating sweets irregularly, frequency of eating sweets (1, 2, ≥3 times per day), daily juice consumption at 18 months, use of babysitter or nursery at 4 months/18 months, mental status of the mother at 18 months, support by family, friends, and neighbors at 18 months; and common comorbidities at 18 months (atopic dermatitis, asthma, asthmatic bronchitis, food allergy, varicella, pneumonia, severe diarrhea) and whether family members with allergenic disease. ‡Further adjusted for the following lifestyle patterns at age 3 years: tooth brushing by own self, tooth brushing by parents before sleep, presence or absence of plaque, eating sweets irregularly, frequency of eating sweets (1, 2, ≥3 times per day), daily juice consumption, and use of babysitter or nursery. §Further adjusted for bedtime at age 3 years.
children with bedtimes after 23:00 at age 18 months had an OR of 1.85 (95% CI 1.61-2.12) for dental caries in deciduous teeth at age 3 years; in the second, children with bedtimes after 21:00 at age 7 years had an OR of 1.90 (1.10-3.10) for dental caries in permanent teeth at age 10 years. 13, 14 Our findings of a dose-response relationship between bedtime and risk of dental caries builds on these previous reports, with the additional strengths of a larger sample size that enabled analyses across various subgroups and adjustment for more potential confounders. Notably, we noted an increase in odds of caries in maxillary anterior teeth among children with late and irregular bedtimes, which are less likely to be affected by inappropriate feeding practices, 25, 26 which may suggest a specific effect of sleep on dental caries. In contrast, this association was not seen for sleep duration. Although we included information for more than 70 000 children, risk of caries in this site is low. Low statistical power might be the reason why we failed to find associations for sleep duration categories.
The principal concern with interpreting this study is the possibility that insufficient sleep is simply a marker for some unmeasured true cause of caries formation. For example, socioeconomic status is likely to influence the risk of dental caries, 3 and it also may be an important modifier of sleep behaviors in children. 27 In addition, because children's sleep habits are largely determined by their parents, it could be that parents who set the bedtime late or irregular for their children also practice other unhealthy behaviors before bedtime that would put their children at risk for caries, for example, not using fluoride toothpaste, nocturnal bottle-feeding or breastfeeding, and intake of sugary foods or drinks before going to bed. [28] [29] [30] Because the Kobe Offspring Study does not include data on socioeconomic status, our findings must be considered exploratory. Georeferenced information indicated that the study children were mostly from working households and that their parents had completed at least a high school education. Furthermore, we attempted to assess the degree of potential confounding by socioeconomic status by adjusting for parental smoking, which was reported to be strongly associated with parental education and household income. 31 We found that exposure to household smoking at age 4 months was associated with a 1.6-fold greater odds of dental caries, a result consistent with previous findings. 15 The fluoridation of water in the community has been carried out in Japan since 1972, and more than 99% of children received fluoride varnish at 18 months (Table III) . This may in part attenuate the effect of socioeconomic status on risk of caries in young children. *The P value was calculated by the Cochran-Armitage test for trend for sleep duration categories from ≤8 hours to ≥11 hours only. †Multivariable-adjusted for child's sex, maternal age at delivery, gestational weeks, maternal alcohol consumption during pregnancy, maternal smoking during pregnancy, pre-eclampsia, anemia, threatened abortion, cesarean delivery, vacuum extraction, nuchal cord, asphyxia, jaundice and transfusion, convulsion, incubator, oxygen inhalation, girl, first-born child, birth weight and height, weight at 18 months, exposure to tobacco smoke at 4 months, number of teeth at 9 months, treated by fluoride varnish at 18 months, tooth brushing by own self tooth brushing at 18 months, tooth brushing by parents before sleep at 18 months, plaque present at 18 months, bottle to feeding at 9 months, age at start of baby food (months), baby food at 9 months, bottle to feeding at 18 months, breastfeeding at 18 months, eating sweets irregularly, frequency of eating sweets (1, 2, ≥3 times per day), daily juice consumption at 18 months, use of babysitter or nursery at 4 months/18 months, mental status of the mother at 18 months, support by family, friends, and neighbors at 18 months; and common comorbidities at 18 months (atopic dermatitis, asthma, asthmatic bronchitis, food allergy, varicella, pneumonia, severe diarrhea) and whether family members with allergenic disease. ‡Further adjusted for the following lifestyle patterns at age 3 years: tooth brushing by own self, tooth brushing by parents before sleep, presence or absence of plaque, eating sweets irregularly, frequency of eating sweets (1, 2, ≥3 times per day), daily juice consumption, and use of babysitter or nursery. §Further adjusted for sleep duration at age 3 years.
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We attempted to control for prolonged breastfeeding for 18 months, which may be associated with nocturnal breastfeeding on demand. 33, 34 About one-fifth of children were still breastfed at 18 months, and this was associated with a 2-fold increase in odds of caries. Bottle-feeding at 18 months also was associated slightly with increased odds of caries. In contrast, parents' cleaning their children's teeth before going to bed was found in more than 70% of children and was associated with a 24% reduction in odds of caries. Fluoride toothpaste can reduce tooth demineralization, but this depends on sugar consumption. 35 Although we lacked data on toothpaste use, the effect of insufficient sleep on dental caries was not confounded by dietary factors. In our subgroup analyses, the associations between insufficient sleep and caries also were found among children without bottle-feeding or breastfeeding, with a lower frequency of eating sweets, without daily juice consumption, and with tooth brushing by parents before going to bed. These findings, together with the association found for caries in maxillary anterior teeth, argue against insufficient sleep being merely a marker for dietary and nocturnal feeding practices. Intriguingly, we found that the associations between insufficient sleep and caries were stronger in children who did not than who did have bottle-feeding. We speculate that the family routine of the children who were bottle-fed might be more flexible, which in turn affects the child's risk of caries.
In addition to the need for more comprehensive information on risk factors for caries, especially socioeconomic status, other limitations of our study include the fact that parentreported sleep behaviors may be subject to recall bias; a lack of data on daytime naps that still represent a certain proportion of total sleep in young children; and oral conditions that were not necessarily assessed by pediatric dentistry. It is impossible to establish causality based on our findings owing to the observational study design. Also, given the substantial variability in the prevalence of caries, sleep patterns and lifestyle across countries, 36 our results may not be generally applicable to populations with different environmental and lifestyle factors.
Our findings might potentially have important public health implications. More than 60% of children had bedtimes after 21:00, and 8% had irregular bedtimes. This would increase odds of caries by 1.2-to 1.9-fold. Risk of caries also would increase by 1.1-to1.3-fold among children with sleep durations of 10 hours or less. Our estimate of 16.0% children with caries is slightly lower than the average estimates in Japan. 37 Provided that the distributions of sleep variables are similar to those nationally reported, 38 the estimates of associations we observed, if anything, could represent an underestimation of the effect of unfavorable sleep hygiene on odds of caries. Indeed, exposure to having late bedtime is common among Asian children, 36 and decreasing sleep duration among young children has already triggered growing concern over the century. 39 The associations between insufficient sleep and risk of caries would thus support the expansion of public health strategies to provide appropriate sleep conditions in which young children can flourish.
Having late bedtime and short nighttime sleep duration, which are experienced by more than one-half of all children in Kobe City, Japan, are consistently associated with increased odds of dental caries in deciduous teeth. It is unclear whether insufficient sleep is simply associated with caries or whether it is a cause. Due to the lack of data on socioeconomic status, our findings must be considered exploratory. Further studies are warranted to examine the effect of insufficient sleep on caries in mid-childhood and adolescents and to determine whether better sleep hygiene impacts favorably on caries and other health outcomes. Values are numbers (percentages) unless stated otherwise. *Data were missing for 31% of children. †In total, 1%-13% of infants had missing data on each item. Values are ORs (95% CIs) unless stated otherwise. All subgroup analyses were multivariable adjusted for child's sex, maternal age at delivery, gestational weeks, maternal alcohol consumption during pregnancy, maternal smoking during pregnancy, pre-eclampsia, anemia, threatened abortion, cesarean delivery, vacuum extraction, nuchal cord, asphyxia, jaundice and transfusion, convulsion, incubator, oxygen inhalation, girl, first-born child, birth weight and height, weight at 18 months, exposure to tobacco smoke at 4 months, number of teeth at 9 months, treated by fluoride varnish at 18 months, tooth brushing by own self tooth brushing at 18 months, tooth brushing by parents before sleep at 18 months, plaque present at 18 months, bottle to feeding at 9 months, age at start of baby food (months), baby food at 9 months, bottle to feeding at 18 months, breastfeeding at 18 months, eating sweets irregularly, frequency of eating sweets (1, 2, ≥3 times per day), daily juice consumption at 18 months, use of babysitter or nursery at 4 months/18 months, mental status of the mother at 18 months, support by family, friends, and neighbors at 18 months; and common comorbidities at 18 months (atopic dermatitis, asthma, asthmatic bronchitis, food allergy, varicella, pneumonia, severe diarrhea) and whether family members with allergenic disease. *P values for interactions were computed by testing whether the coefficients on the interaction terms are jointly equal to zero with the use of mi test command for imputed date. Values are ORs (95% CIs) unless stated otherwise. All subgroup analyses were multivariable adjusted for child's sex, maternal age at delivery, gestational weeks, maternal alcohol consumption during pregnancy, maternal smoking during pregnancy, pre-eclampsia, anemia, threatened abortion, cesarean delivery, vacuum extraction, nuchal cord, asphyxia, jaundice and transfusion, convulsion, incubator, oxygen inhalation, girl, first-born child, birth weight and height, weight at 18 months, exposure to tobacco smoke at 4 months, number of teeth at 9 months, treated by fluoride varnish at 18 months, tooth brushing by own self tooth brushing at 18 months, tooth brushing by parents before sleep at 18 months, plaque present at 18 months, bottle to feeding at 9 months, age at start of baby food (months), baby food at 9 months, bottle to feeding at 18 months, breastfeeding at 18 months, eating sweets irregularly, frequency of eating sweets (1, 2, ≥3 times per day), daily juice consumption at 18 months, use of babysitter or nursery at 4 months/18 months, mental status of the mother at 18 months, support by family, friends, and neighbors at 18 months; and common comorbidities at 18 months (atopic dermatitis, asthma, asthmatic bronchitis, food allergy, varicella, pneumonia, severe diarrhea) and whether family members with allergenic disease. *P values for interactions were computed by testing whether the coefficients on the interaction terms are jointly equal to zero with the use of mi test command for imputed date.
